and Durham and McPherson (1960) noted a deviation from the typical "glucose effect" when low levels of glucose shortened the lag period required for the synthesis of enzymes which oxidize aromatic substrates in Pseudomonas fluorescens. Gluconate also shortened the lag period, but succinate or pyruvate had little effect. Freundlich and Lichstein (1962) reported that glucose inhibited the formation of tryptophanase, but stimulated the production of tryptophan synthetase in E. coli. The glucose inhibition of tryptophanase was reduced by high concentrations of L-tryptophan. Recently, Dobrogosz and DeMoss (1963) 
Gale (1943) reported that glucose inhibited induction of certain enzymes. Monod (1947) demonstrated that glucose prevented synthesis of ,B-galactosidase in Escherichia coli until the glucose was completely utilized. MacQuillan and Halvorson (1962) reported a similar phenomenon in yeast and noted that prior induction of the cells did not relieve the repression. f3-Galactosidase induction in E. coli, when only endogenous sources of nitrogen and energy were available, was blocked by glucose, ribose, xylose, or glycerol. It was suggested that this repression was due to the synthesis of a common metabolite produced from these compounds or by interference with the energy-transfer system (Palmer and Mallette, 1961) . Magasanik (1961) aptly correlated the voluminous mass of information on the glucose effect into the scientific phenomenon known as "catabolite repression." Durham (1957) and Durham and McPherson (1960) noted a deviation from the typical "glucose effect" when low levels of glucose shortened the lag period required for the synthesis of enzymes which oxidize aromatic substrates in Pseudomonas fluorescens. Gluconate also shortened the lag period, but succinate or pyruvate had little effect. Freundlich and Lichstein (1962) reported that glucose inhibited the formation of tryptophanase, but stimulated the production of tryptophan synthetase in E. coli. The glucose inhibition of tryptophanase was reduced by high concentrations of L-tryptophan. Recently, Dobrogosz and DeMoss (1963) found that an inducible L-arabinose isomerase and f3-galactosidase of Pediococcus pentosaceus were repressed in cells grown on glucose, fructose, or mannose, but growth on ribose or xylose stimulated the capacity for enzyme formation.
This paper describes the influence of exogenous carbon sources on the synthesis of protocatechuate oxygenase (E. C. 1.99.2.3) in P. fluorescens and the concurrent disappearance of the inducer from the medium.
MATERIALS AND METHODS
Test organism. The organism used throughout this study was tentatively identified as P. fluorescens. It produces inducible enzymes in response to a number of aromatic compounds, including benzoic acid, anthranilic acid, and protocatechuic acid. Stock cultures were maintained on nutrient agar slants stored at 4 C. KIRKLAND AND DURHAM of 0.1% NaCl, 0.32% KH2PO4, 0.42% K2HPO4, and 0.1% NH4Cl. The desired carbon source was added at a final concentration of 0.2%, the medium was adjusted to pH 7.0, and 2.0% agar was added for solid medium. An amount (0.1 ml) of a sterile mineral salts solution was added to each 100 ml of medium (Durham, 1958) .
Growth of cells. Nutrient agar slants were inoculated from a stock culture and incubated for approximately 16 hr at 37 C. The cells were suspended in sterile 0.01 M potassium phosphate buffer (pH 7.0) and used to inoculate agar plates containing the desired medium. The plates were incubated for 13 to 14 hr at 37 C; the cells were harvested, washed twice, and suspended in 0.01 M potassium phosphate buffer (pH 7.0) for induction experiments. In some experiments, the cells were placed on a reciprocal shaker for 2 hr at 37 C, centrifuged, and suspended in buffer for induction studies, but this treatment did not alter the influence of the exogenous carbon sources on enzyme synthesis.
Induction experiments. The nutrient agargrown cells were suspended in 0.01 M potassium phosphate buffer (pH 7.0) to a density that would give a final protein concentration of 1.44 mg/ml in the experimental system. The cells were placed in Erlenmeyer flasks and equilibrated at 37 C with constant shaking. All substrates and test compounds were dissolved in 0.01 M potassium phosphate buffer (pH 7.0), and the pH was adjusted to 7.0. Buffer was added to give a total liquid volume of 50 ml.
At different time intervals, 5.0-ml samples were withdrawn and centrifuged for 8 min in a Servall Model SP table centrifuge. The supernatant solution was saved to quantitate disappearance of the inducer from the medium during the induction study. The cell pellet was suspended in 4.0 ml of 0.01 M potassium phosphate buffer (pH 7.0), transferred to a Pyrex test tube containing 0.2 ml of toluene, and incubated on a reciprocal shaker at 37 C for 30 min. Protocatechuic acid (20 ,moles) was added; the tubes were incubated for an additional 60 min and placed in a boiling-water bath for 3 min to stop enzymatic activity. The contents of the tube were filtered through a type HA Millipore filter, and the filtrate was collected for analysis. The protein concentration for each enzyme assay was 7.2 mg in a total volume of 4.7 ml. A unit of enzyme activity is defined as that amount of enzyme required to convert 0.1 jAmole of protocatechuic acid per hr. The enzymatic activity is linear under the conditions employed.
In some experiments, induction was measured by respirometric techniques (Umbreit, Burris, and Stauffer, 1957) at 37 C with air as the gas phase.
Enzymatic activity of induced cells. Induced cells, used in some phases of this study, were grown on the synthetic medium containing 0.1% protocatechuic acid as the carbon source. The disappearance of protocatechuic acid from the medium was measured as previously described.
Quantitative tests. Protocatechuic acid was determined colorimetrically as previously described (Hubbard and Durham, 1961) . Glucose was measured by the glucose oxidase reaction (Glucostat, Worthington Biochemical Corp., Freehold, N.J.) . Experiments showed that protocatechuic acid interfered with color formation with use of the Glucostat procedure. Therefore, glucose utilization by the cells was measured in a control flask in which no protocatechuic acid was added. Fructose was determined by the resorcinol method (Snell and Snell, 1953) and protein was measured by the method of Lowry et al. (1951) .
Growth experiments. Growth experiments were conducted in which the basal salts solution and the carbon source was sterilized by filtration through a type HA Millipore filter. Inoculum cells were grown on nutrient agar slants, suspended in sterile synthetic basal medium, and diluted to give an absorbancy of 0.2 at 540 m,i. An amount of 0.1 ml was added to each tube. The final liquid volume in each tube was 5.2 ml. The tubes were incubated on a reciprocal shaker at 37 C. Growth was followed by measuring absorbancy at 540 m,u in a Spectronic-20 colorimeter.
RESULTS
Influence of exogenous carbon sources on inducible enzyme formation as measured by oxygen uptake. A washed suspension of nutrient agargrown cells synthesized enzymes which oxidized benzoic, anthranilic, or protocatechuic acid, as measured by oxygen uptake, with lag periods of approximately 140, 180, and 60 min, respectively. When glucose was added simultaneously with the inducer, oxygen uptake continued after the control showed that glucose oxidation was complete, indicating that the inducer was being oxidized and that glucose shortened the lag period for induction (Durham and McPherson, 1960) .
Ribose was not oxidized by this strain of P. fluorescens, whereas fructose appeared to be oxidized very slowly. However, both sugars shorten the lag period for induction to benzoic acid (not shown) or anthranilic acid (Fig. 1 ). Increasing the fructose and ribose concentration to 10 andwith the formation of the inducible enzyme. However, initially the demonstrable disappearance of protocatechuic acid lags behind production of the enzyme by approximately 15 min, suggesting that the cells are using intracellular products, and protocatechuic acid, at least in the early stage, contributes very little carbon for enzyme synthesis.
Glucose shortens the lag period required for enzyme synthesis, but no difference was observed in the disappearance of protocatechuic acid from the medium. This would suggest that the cells may be "cryptic" toward the inducer in the presence of glucose, and that glucose, or a metabolic product, is inhibiting a permease or repressing the synthesis of a permease for protocatechuic acid. Treatment of noninduced cells with toluene prior to incubation with protocatechuic acid prevented enzyme synthesis, but did not influence the activity of the existing enzyme in induced cells. (Fig. 1) .
Use of toluene-treated cells to measure enzymatic activity. Studies were conducted to determine the optimal protocatechuic acid concentration for enzyme formation. Induction was followed in the presence of different inducer concentrations, and a protocatechuic acid concentration of 14.0 ,umoles/ml gave maximal enzyme synthesis (Fig. 3) . Decreasing the inducer concentration showed lower rates of synthesis, whereas higher inducer concentrations showed no increase in enzyme synthesis.
A typical induction curve (protocatechuic acid) showing depletion of the inducer from the medium (buffer plus inducer) and the enzymatic activity of toluene-treated cells is presented in Fig. 4 . The disappearance of protocatechuic acid from the induction medium could be correlated (Fig. 5 ). However, the maximal level of enzymatic activity in the high glucose level was about 40 % of that of the control.
There was an initial drop in the glucose concentration during the first 40 min in the system containing 45.0 ,umoles/ml of glucose, followed by a steady decrease from the medium. Enzymatic activity was evident in the cells, which establishes that induction to protocatechuic acid occurred in the presence of glucose, since glucose was still present after the cells were induced. However, the high glucose concentration did influence the maximal level of enzymatic activity. Effect of chloramphenicol on induction. D-ChlOramphenicol inhibits inducible enzyme biosynthesis (Gale and Folkes, 1953) . The addition of chloramphenicol at 0, 10, or 20 min after the inducer prevented further enzyme synthesis. The addition of D-chloramphenicol to the protocatechuic acid and glucose-containing flask at 0 min also prevented enzyme induction. The addition of D-chloramphenicol 10 min after addition of glucose and protocatechuic acid partially inhibited enzyme synthesis, and the addition of Dchloramphenicol after 20 min gave no inhibition (Fig. 6) . Thus, cells incubated with glucose and protocatechuic acid initiated synthesis of protocatechuate oxygenase as early as 10 min, with maximal production at approximately 20 min. These results augment the previous findings that glucose does shorten the time required for induction.
Effect of fructose on induction. Manometric studies indicated that fructose, which may be oxidized slowly by the cells, shortened the lag period when anthranilic or protocatechuic acid was used as the inducer. Fructose (0.45 or 45.0 ,umoles/ml) shortened the lag period, and the total enzymatic activity in both sugar concentrations was equivalent to the control. The results obtained with the high fructose concentration are somewhat different from those with the high glucose concentration, since glucose caused a decrease in the total enzymatic activity. Approximately 0.30 ,mole of fructose per ml was removed from the medium in 100 min.
Effect of ribose on induction. Ribose, like glucose and fructose, decreased the lag period 'E of enzyme synthesis was similar to the low glucose / concentration (Fig. 5) . If glucose was added to the cells 30 min prior to the addition of protocatechuic acid, no enzymatic activity was evident after 80 min of incubation. This suggests that the cells metabolized glucose and that a metabolite(s) was produced which inhibited inducible enzyme formation. However, if the cells were incubated for 30 min with ribose (45 ,umoles/ml) prior to addition of protocatechuic acid, the shorter lag time was evident with no effect on the total enzyme concentration. These data augment the oxidation studies and establish that ribose is not metabolized quantitatively to the same end products as glucose. Correlation of pH and induction. High concentrations of glucose, fructose, or ribose shorten the -* lag period for induction, although apparently they are metabolized differently by P. fluorescens.
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The pH of the medium was measured during the course of the induction experiments. The pH yme induction as of the induction medium remained constant at lls. Symbols: o, 7.0 in the protocatechuic acid system. In the A, protocatechuic presence of 0.45 ,umole/ml of glucose, the pH 5 jAmole); o, pro-was 6.8 after 80 min of incubation. However, for synthesis of protocatechuate oxygenase as measured by the enzymatic activity of toluenetreated cells and manometric experiments (Fig.  7) . The addition of 0.45 or 45.0 ,umoles of ribose per ml simultaneously with protocatechuic acid decreased the lag for enzyme synthesis, and, unlike glucose but similar to fructose, the high level of ribose did not inhibit the maximal enzymatic activity.
Effect of succinic and pyruvic acid on induction. Pyruvate and succinate had no stimulatory effect on induction when measured by oxygen uptake. when 45.0 ,moles of glucose were added, the pH of the medium dropped rapidly to 5.4 during the first 20 min of the experiment and to 4.4 after 80 min (Fig. 8) . When ribose or fructose replaced glucose, the pH of the induction medium in the low or high carbohydrate concentration did not change during the course of the experiment.
Enzyme synthesis was studied as described, except that the 0.01 M potassium phosphate buffer (pH 7.0) used in the induction medium was replaced with 0.2 M phosphate buffer (pH 7.0). The addition of either 0.45 ,umole or 45.0 ,umoles of glucose simultaneously with protocatechuic acid shortened the lag time for enzyme formation, and the final enzymatic activity was identical to the inducer control (Fig. 9) . The pH did not change in the high buffer system (0.2 M), whereas the low buffer concentration (0.01 M) was not sufficient to maintain the initial pH.
DISCUSSION
The addition of glucose, ribose, or fructose simultaneously with the inducer shortens the lag period required for synthesis of certain inducible enzymes in a washed-cell suspension of P. fluorescens. Enzyme activity was measured in toluenetreated cells and both low (0.45 Amole/ml) and high (45.0 ,umoles/ml) concentrations of the exogenous carbon sources were effective in shortening the lag period. The maximal enzymatic activity was attained in all cases when the proper pH of the medium was maintained. High levels of ribose or fructose also shortened the lag period when manometric studies were used as the criterion for enzyme activity. The results obtained with toluene-treated cells agree with manometric studies which showed that low concentrations of glucose or gluconate, but not pyruvate, succinate, maltose, or lactose, shortened the lag period for induction of several enzymes in P. fluorescens (Durham and McPherson, 1960) .
It is unlikely that these carbon sources are serving as an energy source for inducible enzyme formation, since a correlation between shortening the lag period of enzyme synthesis, oxidation of the substrate, and the ability of the substrate to support growth was not observed. Glucose was readily oxidized by the cells and supported growth of P. fluorescens, whereas ribose or fructose shortened the lag period for induction but were not readily oxidized and did not support growth. Acetate, pyruvate, succinate, and formate were readily oxidized, but had little effect on the lag period for induction.
Another explanation would be that the carbohydrates are serving as a carbon source for inducible enzyme formation. But it is doubtful that they are serving as "nonspecific" carbon for enzyme synthesis, since a number of compounds which are utilized by this organism do not shorten the lag period. It does not appear that glucose increases the rate of uptake of protocatechuic acid, thereby allowing enzyme induction to proceed more rapidly. Similar results were obtained by Durham and McPherson (1960) with anthranilic acid as the inducer. Dobrogosz and DeMoss (1963) reported that 3-galactosidase and L-arabinose isomerase formation in P. pentosaceus is inhibited in cells grown on glucose, but that growth on ribose or xylose stimulates the capacity for enzyme formation. These workers suggested that the stimulatory effect could involve ribose-5-phosphate, which is important in ribonucleic acid (RNA) synthesis.
It is postulated that the extraneous carbon sources which shorten the lag period required for enzyme synthesis in P. fluorescens serve as a "specific" carbon source. P. fluorescens may utilize these sugars by a nonoxidative pathway (Horecker, 1962) for the formation of ribose-5-
